Eighty bovine fetuses with presumed protozoal infections from a previous 2-year retrospective study were examined by immunohistochemistry using antisera against Neospora caninum. In 66 (83%) of the fetuses, protozoa were found that reacted positively with anti-N. caninum sera. In three (4%) additional fetuses, protozoa identified as Sarcocystis species did not react, and in two fetuses (3%) single protozoal clusters were found only in hematoxylin and eosin-stained slides. A group of 20 fetuses were chosen for further evaluation. They included 14 fetuses from the first group of 80 fetuses plus six additional fetuses that had large numbers of protozoa in the fetal brain. The 20 fetuses were examined immunohistochemically with antisera to N. caninum, Hammondia hammondi, and Toxoplasma gondii. Protozoa from 3/20 fetuses, identified as Sarcocystis species, failed to react with any antisera. In 16/20 fetuses protozoa reacted positively to antisera against N. caninum, and in most cases reacted to H. hammondi, and weakly to one or more of the antisera against T. gondii. Thickwalled protozoal tissue cysts were found in the brain of four of these 16 fetuses by transmissiosn electron microscopy. The cyst wall morphology was comparable to N. caninum. The results suggested that a single protozoal parasite of unknown identity was responsible for most of the bovine abortions. By immunohistochemistry, the unknown protozoon reacted most strongly and consistently to N. caninum antisera, but was antigenically distinct from N. caninum. Ultrastructurally, tissue cysts found in four fetuses most closely resembled Neospora caninum.
Toxoplasma gondii is well documented as a major cause of abortion in sheep and goats,6.7J1J4JaJ8 but cattle appear to be resistant to fetal T. gondii infection and abortion.'^^ Protozoal abortions in the cow have traditionally accounted for only a small percentage of the etiologic diagnoses for bovine abortion^.^.^^.^'.^^ Reports of bovine protozoal abortions consist primarily of single abortions due to Sarcocystis, or Neospora-like organisms.8J3J9.22~27~31 One abortion "storm" caused by a N. caninurn-like organism has been rep~rted.~' Recently, we reported an 18% incidence (82/445 fetuses) of microscopic evidence of protozoal infection' in bovine fetuses submitted to the California Veterinary Diagnostic Laboratory System. Protozoa were found in 21% (17/82) of the fetuses. While the etiology was undetermined, the evidence suggested a parasite other than Sarcocystis or T. gondii in the majority of these fetuses. I The purposes of this study were to 1) determine, by immunohistochemistry, the prevalence of tissue protozoa in the group of fetuses from a previous retrospective survey;' and 2) further characterize the pro-tozoa by immunohistochemistry and transmission electron microscopy.
Materials and Methods
Details of general procedures for immunohistochemistry, transmission electron microscopy, and the diagnostic procedures performed on all fetuses have been described elsewhere.'.2 Immunohistochemistry was performed on fetal brain from 80/82 fetuses included in a previous study (fetus Nos. 1-46,48-72, 74-82),' and fetal brain from an additional six fetuses (Nos. 83-88) with similar microscopic lesions that were submitted either prior to or subsequent to this survey. These six additional fetuses were included because of the large numbers of protozoa present in their brain. All fetuses were identified numerically as in the previous study,' with the addition of fetus Nos. 83-88.
An avidin-biotin peroxidase complex procedure (Vector Laboratories, Burlingame, CA) with anti-rabbit antisera was used to detect tissue binding of rabbit polyclonal antisera in paraffin-embedded sections of fetal brain. Identical procedures were followed for control and test tissues. Tissue sections were adhered to glass slides with polylysine, deparaffinized, rehydrated, incubated for 10 minutes with 3% 1 1 1 hydrogen peroxide in methanol, and 30 minutes with 0.1% trypsin (pH 7.8) at 37 C. Tissue sections were incubated at room temperature for 1 hour with primary antisera. Primary antisera included the following: anti-N. caninum serum against tachyzoites at a 1 : 1,000 dilution;24 anti-H. hammondi serum against tissue cysts at a 1 : 100 dilution;2 and four separate sera against T. gondii. Toxoplasma gondii antisera Nos. 1 (BioGenex Laboratories, Dublin, CA) and 2 (I.C.N. Immunobiologicals, Lisle, IL) were developed against tachyzoites of RH and H44 strains. Antisera No. 1 was applied as supplied by the manufacturer; No. 2 was used at a 1 : 200 dilution. Toxoplasma gondii antisera No. 324 was developed against sporulated oocysts of the ME-49 strain and used at a 1 : 500 dilution; and No. 4 (courtesy of Dr. J. C. Boothroyd, Stanford University, Palo Alto, CA) was against a tachyzoite lysate of the RH strain and used at a 1 :400 dilution. The final dilution chosen for each antiserum produced a strongly positive reaction against the respective positive control parasite with no appreciable nonspecific, background staining. Aminoethylcarbazole (A.E.C. Substrate System, Dako, Santa Barbara, CA) was the chromogen.
Sections of brain from all 86 fetuses (80 fetuses from the original retrospective study and the six additional fetuses, Nos. 83-88) were first examined using N. caninum antisera. Tissues from dogs and cats experimentally infected with N. caninum and mice infected with T. gondii served as positive controls. Negative controls included examination of these tissues with the primary antibody deleted, and substitution of non-immunized rabbit serum for the primary antibody. N. caninum, H. hammondi antisera, and the four T. gondii antisera were each examined for reactivity against N. caninum-infected dog liver or cat brain, H. hammondi-infected mouse muscle, T. gondii-infected mouse brain, and S. cruziinfected calf muscle. The results have been reported elsewhere.2 These same six antisera were then used to examine protozoa in the brain of 20 fetuses (Nos. 1-3, 6, 8, 14, 17, 24, 30, 33, 37, 48, 60, 80, [83] [84] [85] [86] [87] [88] . In all but one instance, these fetuses were selected because there were large numbers of tissue protozoa in the brain. One additional fetus was selected because of a positive fetal antibody titer to T. gondii (fetus No. 80).' Positive controls in this study consisted of tissues infected with N. caninum, T. gondii, and H. hammondi against the respective antisera. Negative controls consisted of calf heart infected with s. cruzi and the substitution of non-immunized rabbit serum for primary antibody.
For transmission electron microscopy, 1 -mm sections of formalin-fixed brain from 12 fetuses (Nos. 1, 5, 6, 8, 17, 37, 38, 83-87) were post-fixed in 2% (w/v) glutaraldehyde in cacodylate buffer (0.085 M, pH 7.4) for 24 hours, 1% (w/v) buffered osmium tetroxide, treated with 1% tannic acid in maleate buffer for 1 hour, stained with 1.5% uranyl acetate, processed routinely, and embedded in araldite (Electron Microscopy Sciences, Fort Washington, PA). Thin sections (90 nm) were examined on wide mesh grids using a Zeiss 10 transmission electron microscope (Zeiss Inc., San Leandro, CA).
Results
In 7 1/80 fetuses (89%) from the retrospective study (fetus Nos. 1-1 9,2 1-24,264 I , 43-46,48-63,65-7 1 , 48, 60, 83-88) showed similar patterns of reaction to the various antisera, irrespective ofthe protozoal tissue stage found (tissue cysts, tachyzoites in the brain parenchyma or in blood vessels). In all 16 fetuses, free tachyzoites, clusters of tachyzoites in blood vessels, and tissue cysts reacted positively with anti-N. caninum serum (Figs. 1-3) ; tissue cysts found in 12/16 fetuses reacted positively with anti-H. hammondi serum (Fig. 4) . The anti-H. hammondi serum reacted strongly only with tissues cysts, and particularly with the tissue cyst walls. Neuron cell bodies or processes containing the tissue cysts or adjacent to the cysts often stained positively with the anti-H. hammondi serum (Fig. 4) . Both tachyzoites and tissue cysts in 12/16 fetuses reacted positively, although they were usually weakly positive reactions, to one or more ofthe various anti-T. gondii sera (summarized in Table 1 ). Specific reactions to the different anti-T. gondii sera varied in a random fashion between individual fetuses (Table 1 , Fig. 5 ). Negative reactions recorded in fetuses where few protozoa were seen may have simply indicated the absence of the organisms from the particular tissue sections tested (Table 1) . Figure 6 demonstrates, by gestational age, the percentage of the total fetuses where protozoa were found by immunohistochemistry using anti-N. caninum sera and the percentage of fetuses where tissue cysts were found versus only tachyzoites. Protozoa were found consistently in a high percentage of fetuses from 3 through 6 months gestation. Beyond 6 months in gestational age, the percentage of fetuses with positivereacting protozoa varied greatly. Protozoal tissue cysts predominated in fetuses from 3 and 4 months gestation and were infrequent in fetuses over 6 months gestation. Tachyzoites without tissue cysts were more frequently found in fetuses between 5 and 8 months in gestational age (Fig. 6) .
Protozoal organisms were found by transmission electron microscopy in sections of brain from eight (Nos. 1, 6, 8, 17, 84-87) of the 12 fetuses examined. In all of the cases, there was marked autolysis resulting in distortion of organelles and membrane disruption.
In two of the fetuses (Nos. 1 , 17) clusters of zoites were found within endothelial cells. In both cases, there was no parasitophorous vacuole, and the zoites lacked rhoptries. In one of the fetuses (No. 1) protozoa were dividing by endop01ygony.l~ In two fetuses (Nos. 85, 87) small groups of tachyzoites were found dispersed in the neuropile, but their precise cellular location could not be determined and individual zoites were too autolyzed to speciate. Nine protozoal tissue cysts measuring 13.0 x 15.4 pm (6.8-22.7 x 7.4-23.7 pm) were located in the remaining four fetuses (Nos. 6, 8, 84, 86, Fig. 7) . Autolysis impaired the ultrastructural evaluation of individual bradyzoites, although rhoptries and numerous micronemes were discernible (Fig. 8) . The primary cyst walls were ruptured, but the remaining granular cyst wall layer appeared similar in all four fetuses. The cyst walls averaged 0.86 pm in thickness (range for fetus No. 6 = 0.34-1.05 pm; fetus No. 8 = 0.23-0.77 pm; fetus No. 83 = 0.43-1.05 pm; and fetus No. 86 = 0.77-1.22 pm) and contained numerous small granules with.larger scattered electron dense granules. Tubular invaginations were visible along the periphery of some cysts walls (Fig. 9 ). Tubulo-vesicular structures were present in the ground substance of protozoal cysts from at least two fetuses (Nos. 84, 86), and similar structures appeared to be present in cysts from all of the fetuses (Fig. 8 ).
Discussion
Bovine fetal protozoal infection was confirmed by immunohistochemistry or light microscopy in a total of 71/80 bovine fetuses (89%) included in a 2-year retrospective study where protozoal fetal infections were suspected based on histopathologic findings.l Since there were no other etiologic diagnosies for the abortions included in this retrospective study,' it seems plausible that the abortions resulted from the protozoal infections, and that protozoal fetal infections represent a major cause of bovine abortions in California dairies.
While the specific identity of the protozoal agent or agents responsible for these fetal infections is still undetermined, the data suggest that a single agent is responsible for all but three of the bovine abortions in this study. In three fetuses (Nos. 1,2, 17) a Sarcocystis species was identified by combined light microscopy, electron microscopy, and immunohistochemistry (Table 1). In the remaining fetuses, however, a previously unidentified protozoon appears to have been the causative agent. This protozoon more closely resembles a Neospora species than T. gondii, H. hammondi, or other known cyst-forming coccidia. When reacted with antisera to N. caninum, T. gondii, and H. hammondi, the most consistent and strongest reaction in all tissue stages (tachyzoites and bradyzoites) was to N. caninum antiserum ( Table 1 ). The specific immunohistochemical reactions of these bovine fetal protozoa to various antisera used in this study (Table 1 ) also differed from the N. caninum parasite that has been isolated from dogs>'O and most closely resembled a Neospora-like organism that was described in a calf with protozoal encephalomyelitis.*
The tissue cyst walls of the bovine fetal protozoa were similar in thickness to the cyst walls of N. caninum, ranging from 1 to 2 pm in thickness by light microscopy,' and from 0.34 to 1.22 pm by electron microscopy. The thick cyst walls in bovine fetuses consisted predominantly of a broad granular layer that was similar to N. as compared to the thinner cyst walls ofeither T. gondii or H. hammondi. 17926930 Additionally, there were tubulo-vesicular structures in the ground substance of these cysts that resembled similar structures seen in N. cani- num-like tissue c y~t s ,~.~ but which have not been described for N. caninurn in dogs. The bovine fetal parasite is also distinct from other known cyst forming coccidia. The cysts were non-septate, unlike Frenkelia, and Surco~ystis;~.~~ there was no evidence of host cell nuclei within the cyst walls, unlike Besnoiti~,~~*~~ and there were multiple bradyzoites in the cysts, unlike Zsosporsa or Caryospora. 7. 26 The ultrastructural results indicate that these bovine fetal protozoa most closely resemble a Neospora species.
As indicated in Fig. 6 , there was a marked reduction in the percentage of fetuses with protozoal tissue cysts beyond 4 months gestation. This shift in protozoal form may be due to a maturation of fetal defense mechanisms with advanced gestational age. There was a noticeable reduction in the seventy of tissue inflammation in younger fetuses where tissue cysts predominated,' suggesting that a reduced fetal inflammatory response is associated with tissue cyst formation. Further, while the length of time required for tissue cyst formation by this parasite is unknown, it probably requires several days or weeks, similar to T. gondii, and N. cuninurn.1zJ7~25 If so, then tissue cyst formation and reduced inflammation could indicate that subacute or chronic fetal infections are more prevalent in younger fetuses with inadequately developed inflammatory or immune systems. Similarily, the predominance of non-cyst forms with more tissue necrosis' in more developed fetuses could be a result of more advanced inflammatory responses to the parasites. The small number and reduced percentage of fetuses positive for protozoa beyond 6 months gestation ( Fig. 6 ) also corresponds to the gestational age when a functional fetal immune system is first recognized.z8
This study, in conjunction with an earlier report, documents that bovine fetal protozoal infections account for a large percentage of the bovine abortions diagnosed in California dairies.' The present study provides evidence that this protozoan may be a Neosporu species that is antigenically distinct from N. caninurn; however, further studies are required to determine the precise identity of this organism. Isolation of the organism, and determination of its life cycle are key goals to parasite identification and disease prevention.
